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When the sinusoidal grating of a ‘‘Gabor pattern’’ is drifted, the apparent position of the pattern shifts in the direction of motion [De
Valois, R. L., & De Valois, K. K. (1991). Vernier acuity with stationary moving Gabors. Vision Research, 31, 1619–1626]. We investi-
gated the underlying cause of this illusion by determining whether the eﬀect is a consequence of the internal motion shifting the perceived
position of the whole pattern, or a consequence of a shift in the perceived location of the centroid (centre of mass) of the Gabor envelope.
While each of these two possible distortions can account for a perceived positional oﬀset, they give diﬀerent predictions for the apparent
size of the stimulus. A simple shift in perceived position results in no change in apparent size, while a centroid shift will likely result in
either a decrease or an increase in the pattern’s apparent size, depending on whether the trailing or leading edge of the Gabor stimulus is
most aﬀected by motion. We examined whether there is a change in the apparent size of Gabor patterns containing a range of grating
motion speeds. We found that the perceived size of the pattern increased in the presence of motion as a function of speed, and is thus
consistent with a centroid-shift explanation. We veriﬁed that this size change is a consequence of an increase in contrast at the leading
edge, since the leading edge appears elongated relative to the trailing edge. We furthermore showed that the apparent-position shifts due
to motion can be negated by displacing the centroid in the opposite direction to the motion.
 2007 Published by Elsevier Ltd.
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The ability to determine the spatial location of objects
allows observers to successfully engage in visually guided
behaviours such as reaching and grasping, and it allows
for self-navigation through a three-dimensional environ-
ment. The process of localization, while eﬃcient and usual-
ly accurate, is, however, highly dependent on a number of
stimulus factors. A well-documented factor that inﬂuences
the apparent position of an object is motion (De Valois &
De Valois, 1991; Kirschfeld & Kammer, 1999; Nijhawan,
1994; Whitney & Cavanagh, 2002). Nijhawan (1994) dem-
onstrated a ‘‘ﬂash–lag eﬀect’’ which occurs when two
objects, one not illuminated and the other illuminated,
move in synchrony and the dim object is brieﬂy illuminat-0042-6989/$ - see front matter  2007 Published by Elsevier Ltd.
doi:10.1016/j.visres.2006.11.003
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continuously illuminated object. Similarly, when an object
suddenly appears from behind a static barrier, observers
perceive the starting position of the object as shifted from
the edge of the barrier along the axis of motion (Fro¨hlich,
1923). At present, there is no good understanding of the
misperception in position demonstrated by these illusions,
though Whitney (2002) has suggested that current accounts
attribute the misperception to motion directly inﬂuencing
the coded location of the object (Berry, Brivanlou, Jordan,
& Meister, 1999; Nijhawan, 1997; Nishida & Johnston,
1999; Snowden, 1998), or to a time diﬀerence between the
processing and perception of stationary and moving
objects (Kirschfeld & Kammer, 1999; Purushothaman,
Patel, Bedell, & Ogmen, 1998; Whitney & Murakami,
1998; Whitney, Murakami, & Cavanagh, 2000).
The ﬂash–lag eﬀect occurs when a moving object induc-
es a perceived positional change between it and an adjacent
Fig. 1. Schematic diagrams representing how the Gaussian envelope
position of the pattern (dashed-line) is aﬀected by a change in the position
of the centroid brought about by grating motion. Solid lines represent the
Gaussian proﬁle of a stationary Gaussian stimulus. (A) The whole pattern
shifts in the direction of motion. (B) The leading edge of the pattern is
extended, leading to centroid shift in the direction of motion. (C)
Compression of the trailing leads to centroid shift in the direction ofmotion.
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occur for stationary objects where local motion is part of
the object (for example, a stationary Gabor pattern that
contains sinusoidal grating motion); the position of the
stimulus appears to be slightly shifted in the direction of
the motion (De Valois & De Valois, 1991; Hayes, 2000;
Ramachandran & Anstis, 1990). In an attempt to quantify
this illusion, De Valois and De Valois (1991) presented
observers with three vertically aligned Gabor patterns
and measured the extent of misalignment of the central
Gabor pattern, containing motion in a particular direction,
relative to static, but otherwise identical, ﬂanking Gabor
patterns. The extent of the reported misalignment, which
was always in the direction of motion, is small—approxi-
mately 2–10 min arc, for a Gabor pattern with a standard
deviation of 0.13 deg—and this eﬀect is dependent on stim-
ulus eccentricity and speed of grating motion.
Despite numerous investigations documenting apparent
position change induced by motion, the underlying cause
of the illusion is unknown, though single-cell recordings
from the primary visual cortex of cat when presented with
a motion-induced position-shift stimulus suggest that the
stimulus causes receptive-ﬁeld displacement (Fu et al.,
2002). An understanding of this process has noteworthy
implications given that the visual system relies on the
apparent, rather than the veridical, position in tasks such
as detection of contours consisting of an aligned sequence
of Gabor patterns that contain grating motion (Hayes,
2000; Rainville & Wilson, 2004, 2005).
Since apparent position is consistently shifted in the
direction of motion, two plausible explanations present
themselves. Perhaps the most intuitively appealing account
is that internal motion causes a simple shift in the position
of the object. Here, the visual system initially derives an
estimate of position that is, at some later stage, shifted as
a consequence of the motion signal. This explanation is
supported by the ﬁnding that the magnitude of the illusory
shift in position scales, over a large range, with the internal
motion speed (see, De Valois & De Valois, 1991). An alter-
nate account relies on the fact that, when localizing a sta-
tionary Gaussian luminance distribution, the visual
system is sensitive to the centre of mass, or centroid, of
the distribution (see, Hirsch & Mjolsness, 1992; Morgan,
Ward, & Cleary, 1994; Morgan & Watt, 1983; Whitaker
& Walker, 1988), and it is this component that is aﬀected
by motion. Importantly, this account predicts that the
actual position of the object does not necessarily change,
but the apparent positional shift is a consequence of
motion shifting, or skewing, the stimulus centroid. Indeed,
Whitaker and Walker (1988), using Gabor patterns with
static gratings, showed that when the stimulus centroid is
shifted, apparent position is subsequently misaligned in
the direction of the centroid displacement.
Which of the aforementioned models best accounts for
the displacement illusion? While both models explain the
apparent shift in position due to the presence ofmotion, they
provide diﬀerent predictions for the appearance of the stim-ulus, in particular apparent shape and size. If motion pro-
duces a simple shift in the position of the whole stimulus,
there is no reason to suppose the shape and size of the pattern
changes (seeFig. 1A).However, ifmotionaﬀects the position
of the centroid of the stimulus, the shape of the stimulus will
be distorted and it will likely appear to be either smaller or
larger in size, depending on whether motion causes a signif-
icant contrast gain at the leading edge or a reduction in con-
trast at the trailing edge of the stimulus (see Fig. 1B and C).
As noted by Fredericksen, Bex, and Verstraten (1997),
the apparent extent, and thus the location of the edge, of
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contrast of the stimulus can no longer be distinguished
from its background. This position is dependent on the
height and standard deviation of the Gaussian proﬁle,
and on the spatial frequency of the sinusoidal grating. As
shown in Fig. 1B and 1C, a centroid shift that were due
to rightwards motion would create an imbalance in con-
trast at either the leading (1B) or trailing (1C) edge of the
Gabor’s Gaussian envelope, with the extent of the imbal-
ance dependent on which edge were more aﬀected by
motion. If the leading edge were aﬀected, then the stimulus
would appear to be elongated along the axis of motion
because, as a consequence of the centroid shift, there is a
small increase in contrast at the leading edge, and thus
the apparent edge of the Gabor pattern will extend in the
direction of motion. Conversely, if the trailing edge were
aﬀected by motion, the object will appear shortened
because the apparent edge at this location is absorbed into
the stimulus. It is also possible that motion simultaneously
inﬂuences the contrast at the trailing and leading edge in
the way depicted in both Fig. 1B and 1C. That is, an
increase in contrast of the leading edge together with a
reduction in the trailing edge. This outcome is equivalent
to the solution outlined in Fig. 1A; that is, the entire stim-
ulus appears to be shifted in the direction of motion.
The purpose of the present study is to determine which
of the three proposals outlined in Fig. 1, provides the best
account for the apparent shift in position observed with
Gabor stimuli that contain grating motion. Since these pro-
posals provide diﬀerent predictions about the size and
shape of the stimulus, in the ﬁrst experiment we directly
compared the size of a Gabor stimulus with a drifting sinu-
soid (as a function of grating speed) with an otherwise
identical static comparison. A size change is consistent with
grating motion aﬀecting the apparent centroid position; an
increase in size is indicative of a leading edge eﬀect, while a
decrease in size implies a trailing edge eﬀect. In the second
experiment, we systematically investigated the eﬀect of
grating motion on the trailing and leading edge of a ‘‘drift-
ing’’ Gabor pattern by directly comparing their relative
widths in relation to the centre of the stimulus. In this
experiment, observers were required to move lines on a
computer screen to demark the trailing and leading edges
of a Gabor stimulus. In the ﬁnal experiment, we examined
the eﬀectiveness of using the centroid position to localize
Gabor patterns by determining the extent to which
motion-induced positional shifts can be nulled by oﬀsetting
the centroid position against the direction of motion.
2. Experiment 1: The apparent size of Gabor patterns that
contain grating movement
2.1. Observers
Two observers who were naive to the aims of the study,
and one of the authors, participated in Experiment 1. All
had normal, or corrected-to-normal, vision. Practice trialswere given to the observers before data collection
commenced.
2.2. Stimuli
Stimuli were two-dimensional-Gaussian windowed sinu-
soids, Gabor patterns, of the form:
Lðx; yÞ ¼ C0 expðððx x0Þ=2r2xÞ  ððy  y0Þ=2r2yÞÞ
 cosð2pfsðx x0Þ þ /Þ; ð1Þ
where x0 and y0 denotes the centre position of the stimulus;
rx and ry the horizontal and vertical standard deviations of
the Gaussian, and C0 (i.e., 0.65) denotes the amplitude of
the stimulus. The values at the peak and trough of the
luminance distribution were 83.44 and 18.23 cd/m2; thus
the Michelson contrast was 64%. The spatial frequency of
the sinusoidal grating was denoted by fs and was set to
2.13 cyc/deg for all conditions. The phase of the carrier
grating is given by /, and a random value was speciﬁed
from trial to trial.
Gabor patterns all consisted of stationary Gaussian
envelopes and contained static or drifting gratings, and
were displayed for 1.4 s in the centre of a screen set to
a grey background with a luminance of 58.83 cd/m2. In
the motion condition, motion was generated by a movie
sequence consisting of 30 frames with each frame shown
for 47 ms with no inter-stimulus interval. Both leftwards
and rightwards motion were used, and were produced by
appropriately changing the phase (i.e., /) incrementally
on each frame transition, while speed was speciﬁed by
the magnitude of the phase change made on each frame
transition. Stimuli were generated by a Macintosh G4
computer and displayed on a linearized CRT monitor
(60 Hz; 40 · 70 cm; 1280 · 1024 pixels). Observers viewed
the stimulus in a darkened room at a viewing distance of
50 cm.
2.3. Procedure
Method of constant stimuli in conjunction with a tem-
poral two interval, forced choice, (2IFC) paradigm was
used to examine the eﬀect of motion on the apparent size
of Gabor stimuli. In one interval, a test Gabor pattern con-
taining grating movement (either leftward or rightwards
motion) was presented. Test Gabor patterns were of seven
diﬀerent sizes that were manipulated by changing the stan-
dard deviation of the horizontal extent (i.e., rx) of the stim-
ulus within the range from 0.48 deg to 0.68 deg in steps of
0.033 deg. The vertical extent of the stimulus, ry, was left
unchanged at 0.58 deg. In the other interval a stationary
Gabor (rx = ry = 0.58 deg) was shown, which served as
reference. The order in which the reference and the test pat-
terns were shown was randomized from trial to trial. A
mask (3.75 · 3.75 deg) composed of static white noise was
presented brieﬂy after the oﬀset of the ﬁrst interval, and
it remained on for 0.23 s, until the onset of the second
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comparing the size of the reference and test patterns
through the possible buildup of an afterimage.
The task of the observers was to judge whether the ﬁrst
or second interval contained a wider pattern. Observers
indicated their responses by pressing an appropriate key
on a keyboard. This procedure was repeated for four diﬀer-
ent grating speeds: 0 deg/s, 0.3347 deg/s, 0.67 deg/s,
1.34 deg/s, with each speed condition repeated 50 times in
randomized order.2.4. Results and discussion
Fig. 2A shows the proportion of times in which the
test pattern was perceived to be ‘‘smaller’’ than the refer-
ence pattern, plotted against the actual size diﬀerence
between the test and reference pattern, for one represen-
tative observer. Cumulative Gaussians were ﬁt to the
data and the best-ﬁt functions are shown for each speed
condition. From the ﬁts, the point of subject size equiv-
alence (PSE), which corresponded to the size of the test
pattern deemed to match the size of the reference pat-
tern, was extracted for each observer. The PSE’s of each
observer are plotted in Fig. 2B as a function of the grat-
ing speed. The pattern of results is similar for the three
observers. Observers were able to correctly judge the size
diﬀerence between the test and reference stimuli when
they were stationary, with the PSE close to zero. Howev-
er, when the Gabor pattern contained grating motion,
the PSE of the size of test stimulus was always madeFig. 2. The results of Experiment 1. (A) The proportion of time the test
pattern was perceived to be ‘‘smaller’’ than the reference pattern plotted
against the size diﬀerence between the test and reference pattern for one
observer. (B) The point of subjective size equivalence as a function of
grating speed for three observers. Error bars represent one standard error
of the mean.smaller than its actual width so to appear the same size
as the reference stimulus. This pattern of results indicates
that the test stimulus appears to be comparatively larger
than the stationary reference stimulus when the sinusoi-
dal grating is in motion.
The observed size-eﬀect is dependent on grating speed,
with a moderate increase in size for the range of speeds
adopted in the study. The averaged PSE of the test stimulus
for diﬀerent speeds was 0.567 deg for 0 deg/s, 0.557 deg for
0.33 deg/s, 0.544 deg for 0.67 deg/s, and 0.530 deg for
1.34 deg/s. It is important to note that the change in size
does not increase linearly, with the maximum eﬀect taper-
ing oﬀ at faster speeds. This result is very much consistent
with a centroid-shift hypothesis, since a limit on the dis-
placement due to motion is imposed by the physical extent
of the apparent Gabor envelope (see, Fredericksen et al.,
1997).
2.5. Temporal frequency or image motion?
While we have interpreted the size-eﬀect reported in
Experiment 1 as a consequence of image motion shifting
the centroid position, an alternative account exists. A
well-documented ﬁnding is that image motion enhances
contrast sensitivity (e.g., Robson, 1966), which will
accordingly result in the percept of a larger stimulus
because the apparent edge of the stimulus, which corre-
sponds to the point at which luminance contrast can just
be detected from the background, will appear further
away from the mid-point of the stimulus. To rule out
the possibility, using the same methods as Experiment
1, we compared the apparent size of a counter-phasing
test Gabor stimulus (set to a temporal frequency of
1.35 Hz corresponding to the fastest speed used in Exper-
iment 1, which had the maximum eﬀect) with a station-
ary, but otherwise identical reference Gabor stimulus.
Observers—two naı¨ve to the aims of the experiment,
and one of the authors; all with normal or corrected-
to-normal vision—were asked to determine which inter-
val contained a comparatively larger stimulus.
Fig. 3 illustrates the proportion of times in which the
test pattern was perceived to be smaller than the reference
pattern. Cumulative Gaussian curves were ﬁt to the data
and the PSEs corresponding to the size of the test stimulus
judged to be of the same size as the stationary-reference
Gabor were estimated. For two observers, the PSE corre-
sponded to zero indicating no apparent size increase, and
for one observer there is a slight reduction in the apparent
size of the stimulus. These results clearly demonstrate that
temporal modulation has little or no impact on the appar-
ent size of a Gabor stimulus, for the temporal parameters
adopted in the present study. Importantly, this control
experiment rules out the possibility that temporal modula-
tion enhances contrast sensitivity to then give rise to the
perception of a larger Gabor stimulus, rather the stimulus
centroid apparently shifting as a consequence of grating
drift.
Fig. 3. The results of the control experiment showing the proportion of
time the test pattern was perceived to be ‘‘smaller’’ than the reference
pattern plotted against the size diﬀerence between the test and reference
pattern for three observers. The PSEs of the observers show that the size
of a Gabor pattern containing a static grating is perceived to be similar in
size to a Gabor pattern containing a counter-phase moving grating. Error
bars represent one standard error of the mean.
Fig. 4. (A) The conﬁguration of the stimulus used in Experiment 2. (B)
The apparent size diﬀerence between each half of the pattern and the
pattern containing a stationary grating, as a function of moving–grating
speed for three observers. Positive speed indicates grating motion to the
right, while negative speed indicates motion to the left. Error bars
represent one standard error of the mean.
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trailing edges of Gabor patterns that contain grating
movement
The results in Experiment 1 showed that the perceived
size of a Gabor pattern containing grating movement is
larger than an identical but stationary pattern, and this size
change is not accounted for by an increase in the temporal
frequency of the grating. This result suggests that a Gabor
stimulus that contains grating movement may not be sym-
metric about its mid-point, and it is skewed in a particular
direction due to the eﬀect of motion on the apparent posi-
tion of the centroid of the stimulus. As highlighted in
Fig. 1, an increase in size could be indicative of change in
position of the leading edge of the Gabor pattern. To verify
whether the position of the leading edge is aﬀected by
motion, in Experiment 2 we performed an adjustment task
in which observers were required to move lines to indicate
the perceived positions of the leading and trailing edge of
the stimulus relative to the actual mid-point of the
stimulus.
3.1. Stimuli
The stimuli were similar to those employed in Experi-
ment 1, except the size of each pattern was ﬁxed with a
rx of 0.58 deg. In addition, two pairs of vertical bars (lumi-
nance: 32.15 cd/m2, size: 1.875 · 0.0375 deg) whose posi-
tions could be adjusted by the observer appeared on the
screen above and below the Gabor pattern (see Fig. 4A).
The start positions of the bars were assigned at the begin-
ning of each trial, close to the two edges of the pattern (at
the edge with a random allocation in the range of
±0.375 deg). Movement of the bars had a sub-pixel preci-
Fig. 5. The apparent position of the luminance peak of Gabor patterns as
a function of grating speed, for two observers. A negative value indicates a
position bias to the left from the middle of the pattern, while a positive
value indicates a position shift to the right of the middle point of the
pattern. Error bars represent one standard error of the mean.
S.Y. Tsui et al. / Vision Research 47 (2007) 402–410 407sion of one twentieth of a pixel, thus allowing very precise
adjustments.
3.2. Procedure
The task of observers was to align the bars with the lead-
ing and trailing edges of the Gabor pattern in each presen-
tation. Observers were given as much time as required to
make their adjustments, and were required to press a but-
ton to end the trial and to begin the next. This process
was repeated for rightwards and leftwards motion at four
diﬀerent grating speeds: 0 deg/s, 0.34 deg/s, 0.67 deg/s,
and 1.34 deg/s. Each speed condition was repeated 40
times. The distances between the mid-point of the pattern
and each pair of two vertical bars were recorded after each
trial, and were averaged for each speed condition, to indi-
cate the perceived size of each half of the Gabor pattern.
3.3. Results and discussion
In Fig. 4B, the apparent size diﬀerence between each
half-Gabor containing grating motion and the half-Gabor
containing a stationary carrier is plotted as a function of
grating speed for the three observers. Positive and negative
values on the x-axis represent the speed of rightward and
leftward movement, respectively. The pattern of results
was similar for the three observers. For static patterns,
both the trailing and leading edges were at similar distances
away from the mid-point of the stimulus. However, when
there was grating motion, the leading edge was perceived
further away from the mid-point compared to when the
Gabor pattern was stationary, and thus resulted in a per-
ceptible increase in size of this half of the stimulus. The
leading edge was displaced further away (though not line-
arly) as a function of grating speed, with a maximum shift
of approximately 0.2 deg for the fastest speed. For the trail-
ing edge, regardless of grating speed, there was little sys-
tematic change in its position relative to the mid-point of
the stimulus (on average an apparent shift of 0.03 deg),
and generally the positional change was comparatively
smaller than that of the leading edge over the speed range
employed in the study. This ﬁnding, in conjunction with
Experiment 1, suggests that the apparent shift in position
due to motion is a consequence of the shift in the centroid
of the stimulus. A signiﬁcant elongation of the leading edge
suggests that motion exerts an asymmetrical eﬀect on
apparent contrast at these locations. Additionally, this
ﬁnding reinforces the notion that a size change is not a con-
sequence of an enhancement of contrast sensitivity due to
an increase in temporal frequency, since only the trailing
edge is aﬀected by grating motion.
To determine whether the centroid of the Gabor stimu-
lus is shifted under the conditions of Experiment 2, we con-
ducted a supplementary experiment using the same
stimulus, but we removed one pair of vertical bars ﬂanking
the Gabor pattern, and placed the remaining pair near the
middle of the pattern. The starting position of the bars wasrandomized so that it was placed within ±0.375 deg about
the mid-point of the stimulus. The task for the observer
was to adjust the position of the pair of vertical bars until
they aligned with the apparent peak of the luminance dis-
tribution. We recorded the performance of two observers
at the four diﬀerent grating speeds used previously, and
the direction of grating motion for each trial was randomly
assigned such that the total number of trials for each direc-
tion was the same. Fig. 5 shows that the apparent lumi-
nance peak shifts towards the left (negative values of the
y-axis indicates a shift is to the left of vertical) of the
mid-point of the pattern when the direction of grating
motion was to the left, and vice versa. The observed shifts
increase as a function of grating speed, and for the fastest
speed of 1.34 deg/s the average shift was 0.1 deg, which is
similar to oﬀsets noticed in previous reports (e.g., De
Valois & De Valois, 1991). Fredericksen et al. (1997) sug-
gested that the contrast of a stimulus determines is appar-
ent spatial extent. Collectively, the results of Experiment 2
indicate that when the luminance peak of the stimulus
shifts due to motion, the apparent edge of the stimulus also
shifts in the same direction, and thus there is a displace-
ment in the apparent stimulus position as well as an appar-
ent extension of the leading edge.
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Gabor patterns
The ﬁndings of the previous experiments demonstrate
that the centroid of a Gabor pattern provides a strong
cue to its spatial position and it is the centroid that is shift-
ed by grating motion. Given this ﬁnding, a logical expecta-
tion is that the eﬀect of motion on apparent position can be
nulled by physically oﬀsetting the centroid in the opposite
direction to image motion. In the third experiment, we test-
ed whether there is merit in this suggestion. We used the
paradigm of De Valois and De Valois (1991) and measured
bias in the alignment of patterns with displaced centroid
positions. If the centroid provides a cue to align elements,
apparent position should change when the luminance dis-
tribution is displaced. However, if the centroid is not used
as a basis for localization, the results will be similar to
those obtained using symmetrical elements.4.1. Stimuli
The stimulus was three Gabor patterns (standard devia-
tion rx, 0.58 deg) vertically aligned on a screen. The dis-
tance between the centres of the ﬂanking patterns was
1.875 deg. Flanking patterns had a symmetrical Gaussian
luminance proﬁle, and thus their centroid positions corre-
sponded to their physical centres. The middle pattern had
a luminance proﬁle with the centroid displaced either left
or right of the actual mid-point of the pattern. Centroid
shifts were introduced into the pattern by distorting the x
values of the Gabor pattern using the following equation:
x ¼ a  ði 1Þ þ ði 1Þ2  ð1 aÞ=ðn 1Þ; ð2Þ
where i is the original x coordinate of the pattern, n is the
width of the stimulus and a is the constant controlling the
amount of skew in the pattern. When a equals 1, the pat-
tern is not skewed. When a equals 0, the pattern is skewed
left, and the pattern is skewed right when a is equal to 2.4.2. Procedure
Method of adjustment was used to examine the eﬀect on
position by skewing the peak contrast of the middle Gabor
pattern 0.075 deg either to the left (a = 0), or to right
(a = 2), of the centre of the stimulus. This value was chosen
because it was similar to positional displacements induced
by motion found by De Valois and De Valois (1991) and
also reported in the previous experiments of the present
study. At the beginning of a trial, the middle pattern was
assigned a random horizontal position within a range of
0.375 deg either side of alignment, and thus appeared out
of alignment with the ﬂanking Gabors. The task of observ-
ers was to adjust the position of the middle pattern so that
it appeared aligned with the ﬂanking Gabors. Since dis-
crimination of position has been shown to be very accurate,
adjustments were made to a sub-pixel precision of onetenth of a pixel. This procedure was repeated for leftwards
and rightwards motion at four diﬀerent grating speeds of
the central pattern: 0 deg/s, 0.34 deg/s, 0.67 deg/s,
1.34 deg/s; ﬂanking Gabor pattern gratings remained sta-
tionary in all conditions. Each speed condition was repeat-
ed 20 times, in a random order.
4.3. Results and discussion
Fig. 6 illustrates the horizontal adjustments required to
align the middle element with the ﬂanking Gabors at diﬀer-
ent speeds. Positive and negative values on the x-axis rep-
resent the speed of rightward and leftward movement,
respectively, while those of the y-axis represent the hori-
zontal displacement (positive: right, negative: left) at which
the three patterns appear aligned. The pattern of results is
similar for the three observers. When the middle stimulus
had a symmetrical luminance proﬁle similar to the ﬂanking
elements (solid line), with increasing speed a bias is induced
in apparent position in the direction of motion. This result
demonstrates the original motion-induced positional eﬀect,
and is in agreement with De Valois and De Valois (1991),
since the magnitude of the vernier bias obtained in both
studies ranged from 0.071 deg to 0.11 deg in the direction
of the grating movement. This ﬁnding is also consistent
with the measured centroid shift noted in Experiment 2.
When the results of this condition are compared with the
results in Experiment 2 (Fig. 4), it can be seen that the cen-
troid of the pattern is a good predictor of the perceived
position of the pattern. This ﬁnding is consistent with a
claim by Whitaker and McGraw (1998) and Whitaker
et al. (1996), who observed a similar eﬀect with stationary
stimuli.
When the contrast envelope of the middle pattern was
skewed, it brought about a consistent bias in the perceived
location of the Gabor pattern for the speed range employed
in the study. At zero speed the perceived location of the
middle pattern was biased towards the centroid position
such that when the centroid was skewed left (dotted lines)
observers adjusted the middle pattern on average 0.12 deg
to the right to counter the leftward bias, while for Gabor
patterns with centroids skewed to the right, a counter-bal-
ance was achieved at approximately 0.084 deg.
Additional examination of the results reveals that the
perceived shift in position is exaggerated when motion is
in the same direction as the displacement of the centroid.
Presumably, this eﬀect arises from the combined shift in
position due to motion and the actual displacement of
the centroid, though this combination is not one that
would be predicted by a simple linear summation. On the
other hand, when the direction of motion is opposite to
the displacement of the physical centroid, the illusory shift
induced by motion becomes less eﬀective. Indeed, for fast
speeds the bias in position caused by the centroid shift is
negated. Under these conditions the skewed centroid was
apparently realigned by grating motion in the opposite
direction to the skew.
Fig. 6. The horizontal displacement of the test pattern required for
observers to perceive it aligned with ﬂanking reference patterns, as a
function of grating speed, for three observers. Upright triangles, inverted
triangles, and diamonds, show the performance of observers when test
stimulus was skewed left, not skewed, and skewed right, respectively.
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It has been widely demonstrated that image motion
inﬂuences the perceived position of an object (e.g., De
Valois & De Valois, 1991; Hayes, 2000; Ramachandran& Anstis, 1990; Whitaker, McGraw, & Pearson, 1999). In
the present study, we examined whether this positional
eﬀect is a consequence of motion directly displacing the
object, or whether apparent oﬀset is due to a change in
apparent position of the centroid of the stimulus. Since
these two strategies provide diﬀerent outcomes regarding
the apparent size of the stimulus, in Experiments 1 and 2
we measured the size of Gabor patterns as a function of
grating speed.
We found that grating motion leads to an illusory
increase in size of the pattern (Experiment 1) and this eﬀect
is a consequence of an extension of the leading edge
(Experiment 2). The increase in apparent size of the pattern
may be accounted for by a motion deblurring mechanism
(see, Anderson & Van Essen, 1987; Bex, Edgar, & Smith,
1995; Burr, Ross, & Morrone, 1986; Martin & Marshall,
1993) in conjunction with motion extrapolation (e.g., Nijh-
awan, 1994). Previous research has suggested that when an
object moves, it produces a motion smear, or a motion
streak (Burr, 1980; Geisler, 1999), which under normal cir-
cumstances is removed from perception by a motion
deblurring mechanism so to render clear vision. Though
motion streaks have recently been revealed to be important
in the perception of image motion (see, Geisler, 1999; Ross,
Badcock, & Hayes, 2000), the operation of a deblurring
mechanism would necessarily be constrained by a temporal
window of integration, since the outputs at a given instance
are derived from past inputs. Consequently, a clearer per-
cept would occur at the trailing edge than at the leading
edge by motion deblurring, and is consistent with the ﬁnd-
ings of the present study, since we show that the trailing
edge remains comparatively undistorted in the presence
of motion. In support, Whitney et al. (2003) have reported
more relative fMRI activation at the trailing edge than at
the leading edge when viewing stationary Gabor stimuli
with internal grating motion. This greater activation,
though only correlative and far from deﬁnitive, can be
viewed as consistent with our ﬁndings since comparatively
more processing is required to de-blur the trailing edge to
render clear undistorted vision. At the same time, an
extrapolation mechanism may be operating at the leading
edge causing extension, which according to Nijhawan
(1994) is a necessary operation to compensate for the tem-
poral delay in motion processing. These two concurrent
operations may account for the centroid shift of a Gabor
pattern that contains motion.
It is important to note that the distortion in the apparent
shape of the stimulus due to motion, resulting in a shift in
the centroid, is not the same as physically skewing the lumi-
nance distribution. Physically skewing the centroid not
only increases the perceived size of the pattern half with
the leading edge, but also reduces the apparent size of the
pattern half with the trailing edge, due to the change in
contrast. This pattern is inconsistent with our ﬁndings,
since we show only a leading edge eﬀect. Although, we
physically skewed our stimulus to examine spatial localiza-
tion in Experiment 3, and we did not require observers to
410 S.Y. Tsui et al. / Vision Research 47 (2007) 402–410make judgments of apparent size, we can deduce that the
mechanism of centroid shift by motion diﬀers from that
caused by skewing the luminance distribution of the pat-
tern. Our pattern of results leads to the suggestion that a
displacement of the centroid is brought about by grating
motion, and may be a consequence of deblurring and/or
extrapolation mechanisms.
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